The term enteropathogenic Escherichia coli (EPEC) has been used rather indiscriminately in the past for strains of E. coli which cause diarrhea by different mechanisms (34) . The term was originally used to describe certain E. coli serotypes that caused enteric disease in humans (37) . It has since included strains that cause diarrhea by means of (i) heatstable (ST) (23, 57) and heat-labile (LT) (23, 24) enterotoxins (strains now termed enterotoxigenic [15] ); (ii) invasiveness (14, 42) , as judged by the Sereny test (56) (strains now termed enteroinvasive [15] ); (iii) unknown, untested mechanism(s) (37) ; and (iv) unknown, nonenterotoxigenic, nonenteroinvasive mechanism(s) (29) . The term EPEC has been redefined as those E. coli strains belonging to certain serogroups whose pathogenetic mechanisms are of the last type, although the group may contain organisms that produce diarrhea by different mechanisms (15) . At least some EPEC intimately attach to and efface microvilli and have been called attaching and effacing E. coli (AEEC) (36, 48) or enterocyte-adherent (55) E. coli. It has been postulated that the lesion of attachment and effacement results in maldigestion (62) and malabsorption (36) . Shigella dysenteriae 1 (Shiga)-like toxin (SLT) is frequently produced by EPEC and is thought to play a role in the pathogenesis of diarrhea (46) . Natural infections with EPEC that are AEEC (EPEC-AEEC) occur in humans (10, 18, 51, 62) and rabbits (6, 43, 47-50, 52) , and characteristic lesions and disease have been experimentally reproduced (6, 7, 11, 18, 36, 43, 46-48, 52, 59) . Recently, an atypical strain of E. coli was isolated from calves with dysentery in which attachment and effacement lesions were observed (9, 25) . A search for nonenterotoxigenic, SLT-producing E. coli strains from diarrheic calves and pigs has indicated that possibly there are rare occurrences in both species in the United States (J. G. Mainil, C. J. Duchesnes, and H. W. Moon (34) .
This report confirms studies in England (9, 25) that ureasepositive strains of E. coli serogroup 05 may cause attachment and effacement lesions and diarrhea in calves. This is, to our knowledge, the first description of such an infection in the United States, in which there was (i) characterization of clinical signs and lesions in the natural infection, with experimental reproduction of lesions and disease in gnotobiotic calves, and (ii) demonstration of SLT production by the bacteria. The organism and the disease it produces are similar to those of EPEC-AEEC of humans and rabbits.
MATERIALS AND METHODS
Natural disease. A 2-day-old Hereford calf from southwestern Minnesota was presented to the South Dakota State University Veterinary Diagnostic Laboratory with diarrhea. Although the diarrhea seemed mild, 3 of 50 calves in the herd had died. Rotavirus and coronavirus particles were observed by electron microscopy (16) in the feces of the calf. There was diffuse villous atrophy in the small intestine and diffuse colonization of the colonic epithelium by bacteria. Large numbers of nonhemolytic E. coli were isolated from the large intestine on sheep blood agar (heart infusion base) and tergitol-7. The isolate (strain 84-5406) was subcultured onto blood agar for the expression of the K88 (F4) and 987P (F6) pilus antigens (44) and onto E agar (19) for the expression of the K99 (F5) pilus antigen but was negative for these antigens, as determined by seroagglutination tests (19) .
In a preliminary study of the pathogenicity of strain 84-5406, a conventional, colostrum-deprived lamb was inoculated orally with an unspecified dose of broth-cultured organisms. The lamb passed a formed stool containing blood and fibrinous material on day 3 postinoculation (PI) and died on day 5 PI, having passed blood-streaked loose stools until the time of death. The lamb was necropsied, and the intestines were cultured for E. coli (8) and processed for histologic examination by routine methods (30) . E. coli was cultured in large numbers from the colon, and diffuse bacterial colonization of the colon was observed by histologic examination. The bacterial isolate from the lamb was found to have the same serotype as strain 84-5406 and was negative for ST (12, 35) and LT (13) (21) or SLT (38) , and the results were expressed as the CD50 (cytotoxic doses required to kill 50% of the cells) (24, 40) . Strain 84-5406 was classified as a category 4 (high level) SLT producer, having a titer of 104 CD50ml of broth culture supernatant and 106 CD50/mg of bacterial extract. The cytotoxicity of the bacterial extract was neutralized by rabbit anti-Shiga toxin sera and monoclonal antibodies to SLT (39, 58) . Spontaneously released and UV-inducible bacteriophages were detected from strain 84-5406 by N. A. Strockbine (Uniformed Services University of the Health Sciences) by using procedures previously reported (41).
Strain G58-1, a nonenteropathogenic, nonenterotoxigenic strain, serotype OO1:K28:H-, was obtained from W. K.
Maas (New York University, New York, N.Y.). This organism was originally isolated from pig feces and was used as a control inoculum in our study. Strain G58-1 was found to be a low-level SLT producer, with a HeLa cell microcytotoxicity titer of 320 CD5/mg of protein in the bacterial extract, the toxicity of which was neutralized by rabbit anti-Shiga toxin sera (21, 39, 40, 58 (3) . Serum neutralization tests for anti-BVD virus antibodies were also attempted.
All calves were inoculated when they were approximately 24 h old. The inoculations were made in the midafternoon to avoid variability in rectal temperatures due to diurnal fluctuations (20) . The calves were checked at 12-h intervals PI for anorexia, depression, fever, diarrhea, and the presence of mucus or blood in the feces and were killed at the first appearance of blood in the feces or at 7 days PI if none appeared.
Tissue collection and processing. Intestinal tissues were collected aseptically while the calves were anesthetized with sodium thiamylal and methoxyflurane (60) . Samples for scanning electron microscopy (SEM), transmission electron microscopy (TEM), light microscopy (LM), immunofluorescence microscopy, and bacterial culture (8, 18) were obtained from five sites in the small intestine, and one site each in the cecum, midspiral colon, and midrectum. The samples from the small intestine were taken at sites spaced equidistant from one another from the duodenum (5 cm distal to the pylorus) to the ileum (5 cm proximal to the ileocecal valve). The samples were processed for SEM (61) , TEM (61) , and LM (30) as previously described. Indirect fluorescent antibody tests on frozen sections (6 ,um (19) were tested for the F5 pilus antigen by a seroagglutination test (17) . Frozen ileal sections were also tested for bovine rotaviral, bovine coronaviral, and BVD viral antigens by direct fluorescent antibody tests by using standard procedures (3, 31, 32) . Cecal contents were processed and examined for virus particles by TEM, as previously described (16) . Hemostasis was maintained until intestinal sampling was finished. Calves were exsanguinated, and rumen, abomasum, liver, spleen, mesenteric lymph node, kidney, heart, and lung samples were obtained, cultured (8) , and processed for LM (30) by standard procedures.
INFECT. IMMUN.
Clinical observations. Calves inoculated with strain 84-5406 had mildly increased rectal temperatures (0.5 + 0.3°C) at 36 h PI. The temperature peaked (0.9 + 0.3°C) at 48 h PI and fluctuated slightly thereafter for 1 to 3 more days before returning to normal (Fig. 1) . Calves became depressed when rectal temperatures were 40.0°C, but none became anorectic. Two of the three principals excreted loose, dark green, mucoid feces at 36 h PI. The feces of one diarrheic calf contained frank blood at 60 h PI, and this calf exhibited tenesmus during defecation ( Table 1) . One of the two diarrheic calves did not excrete grossly visible blood in the feces, and diarrhea lasted only 24 h. The control calves exhibited no anorexia or depression and excreted formed feces without blood or mucus.
Pathologic observations. Hyperemia of the longitudinal folds of the rectum was noted at necropsy in both the principals and the control calves, but histologic lesions, as observed by LM, were limited to the intestines of the principals and were most severe in the colon and rectum. Gram-negative, rod-shaped bacteria colonized the ileal epithelium in a multifocal pattern, resulting in epithelial cell necrosis with detachment and villous atrophy (Fig. 2) . Bacteria diffusely colonized the cecal, colonic, and rectal epithelium (Fig. 3) . Epithelial cells colonized by bacteria had eosinophilic cytoplasm and pyknotic nuclei. Necrotic cells sloughed into the intestinal lumen, resulting in multifocal or moderate villous atrophy in the ileum. A minimal acute multifocal inflammatory reaction was present in the lamina propria of the colon and rectum. This was evident by the presence of small clusters of neutrophils and proteinaceous fluid in the lamina propria, with necrosis being limited to epithelial cells. When observed by immunofluorescence microscopy, bacteria on the colonic and rectal mucosae were stained with conjugated anti-O5 serum absorbed with strain G58-1 but not with antiserum absorbed with strain 84-5406 (Fig. 4) . Bacteria with specific fluorescence were not observed in the ilea of the principals or in the large or small intestines of the control calves.
As observed by SEM, the colonic and rectal mucosae of the control calves had smooth-surfaced longitudinal folds and patent crypt and goblet cell openings. Epithelial cell junctions were demarcated by microvillous ridges, and api- cal cell membranes contained short, evenly aligned microvilli that were largely free of adherent debris or microorganisms. The colonic and rectal mucosae of the principals were diffusely colonized with bacteria, and epithelial cells were swollen and detaching from the mucosae. Bacterial colonization and enterocyte swelling distorted the colonic and rectal architecture such that longitudinal folds and crypt openings were obscured. Swelling of enterocytes resulted in the separation of intercellular junctions and detachment of cells from the mucosal surface. Detachment of bacteria from the epithelial surface due to tissue processing revealed cuplike or pedestallike distortions of apical cell membranes, with thickening and elongation of microvilli between the sites of bacterial attachment (Fig. 5) . No bacteria were observed by SEM in the ilea of the principals or in the large or small intestines of the control calves.
As observed by TEM, bacteria were intimately attached to apical cell membranes of colonic and rectal enterocytes, resulting in effacement of microvilli. Enterocytes with microvillous effacement had numerous intracytoplasmic VOL. 53, 1986 colons, and recta. No bacteria were isolated from the preinoculation cultures of the nares or rectum or from the ,,\ *, * jt ' _>iP ,^ffitissues taken at necropsy from the calf that received TSB vacuoles and often were detached. Cell membranes at the bacterial attachment sites were distorted into pedestal-like evaginations or cuplike invaginations (Fig. 6) . The cytoplasm at these sites was homogeneous, except for the presence of vacuoles, and lacked a detectable terminal web. Bacterial surfaces were partially covered with a faintstaining, fibrillar material which interconnected bacteria in the gut lumen but was not discernible at the sites of attachment between bacteria and host cell membranes. Amorphous, electron-dense material was also present near host cell membranes and was associated with the fibrillar strands The organisms were present in moderate numbers in the detachment (arrowhead) from the tips offolds is outlined by bacteria duodena and jejuna and in large numbers in the ilea, ceca, on cell membranes. Bar = 100 ,um. from the principals and controls were negative for anti-BVD virus antibodies by the serum neutralization test. DISCUSSION Strain 84-5406 infected gnotobiotic calves and produced diarrhea without ST or LT enterotoxins or invasiveness. Attachment and effacement lesions were observed and were essentially identical to those seen in other cases of EPEC-AEEC (6, 7, 36, 47-50, 52, 59) . The lesions in our calves were most severe in the large intestine, similar to another AEEC infection of calves (9, 25) and those of weanling rabbits (6, 7, 11, 48, 52) , adult humans (19, 54) , and pigs and rabbits infected with human bacterial strains (36) . Contrary to what has been observed with infection by AEEC strains pathogenic for humans and neonatal rabbits, strain 84-5406 did not cause duodenal or jejunal lesions (46, 62) . Although bacteria were not detected in the ilea of our principals by immunofluorescence microscopy, SEM, or TEM, they were detected by LM. The colonization in the ileum detected by LM was multifocal. Samples for the other tests may have been obtained from noninfected areas. Bacteria within the phagosomes of enterocytes, attachment of bacteria to apical cell membranes of goblet cells, and the presence of electrondense structures at the bacterial attachment sites are features which have been observed in rabbits and pigs infected with human EPEC-AAEC strains (36), but they were not observed in our calves or in calves infected with the atypical E. coli strain S102-9 (25).
SLT is thought to play a role in the pathogenesis of diarrhea in 0157:H7 infection (5, 46) analogous to the postulated role of Shiga toxin in shigellosis (27) (i.e., enteric mucosal cell degeneration, inflammatory changes, and diarrhea). The two toxins are considered the same or very similar (5) . High levels of SLT are produced by many human EPEC strains (39) , whereas avirulent strains of E. coli produce only trace amounts of SLT (39, 46) . If high-level SLT production is indeed involved in the pathogenesis, strain 84-5406 may be a more suitable model for the study of human EPEC infections involving SLT than strain RDEC-1, inasmuch as RDEC-1 is a low-level producer of SLT (40) . However, the development of attachment and effacement lesions does not seem to require high-level SLT production, since strain RDEC-1 is capable of producing the lesions (6, 7) . In addition, microvillous effacement is apparently dependent on a phenomenon associated with bacterial attachment, rather than diffusion of a toxin from the gut lumen, since the lesions have been observed only at the attachment sites of EPEC and other bacterial strains (26) , and effacement was not reported for rabbits which were given SLT alone (46) .
An 0157:H7 strain of E. coli has recently been associated with food-borne outbreaks and sporadic cases of hemorrhagic colitis in adults in the United States and Canada (45, 53, 54 ment with diarrhea, features consistent with strain 84-5406 infection. Differences noted were crypt enterocyte attachment and effacement with necrosis and inflammation; pigs also developed submucosal edema, a lesion consistent with radiographic findings in humans (18) . Both the 0157:H7 and 84-5406 strains produce high levels of SLT. Strain 0157:H7 contains an SLT-converting phage (41) . A spontaneously released and UV-inducible phage was also found in strain 84-5406; however, further work is needed to determine whether this phage in strain 84-5406 is an SLT converter.
Strain 84-5406 has a number of characteristics in common with strain S102-9, which was isolated from calves in Great Britain (9, 25) . These characteristics include (i) possession of the 05 serogroup antigen, (ii) lack of the F5 pilus antigen, (iii) the ability to produce urease, (iv) the inability to produce ST or LT enterotoxins, (v) the inability to be enteroinvasive, and (vi) a preference for colonizing the large bowel epithelium. In addition, infections by the two E. coli strains are similar in that they result in attachment and effacement lesions and the presence of blood and mucus in the feces. Concurrent viral infections were observed in naturally occurring diseases caused by either strain. The two isolates may be the same organism. However, strain 84-5406 produces the K4 antigen, whereas strain S102-9 apparently does not. Strain 84-5406 produces high levels of SLT. Whether S102-9 produces SLT has not been reported. Although the intestinal lesions caused by the two strains are essentially identical, the clinical features of disease appear to be somewhat different. Our experimentally infected calves developed elevated temperatures, whereas the British calves did not. The natural disease resulting from infection with strain 84-5406 was found in younger calves than was the case with strain S102-9. In both natural and experimental diseases, calves infected with S102-9 had profound dysentery and had intracryptal organisms. Such was not the case for calves infected with strain 84-5406. However, we killed the calves at the first appearance of blood in the feces; profound dysentery may have occurred later if the disease had been allowed to run its full course. Deaths in naturally occurring cases were probably due to malabsorption-induced dehydration associated with concurrent bacterial and viral infections (1, 63) .
Another feature important in the study of EPEC infections is the mechanism of adhesion or attachment. Strain RDEC-1 from rabbits has been used for most studies of EPEC adhesion and is thought to adhere by means of pili (2, 4) and negatively charged surface polysaccharides (4) . Electron microscopy procedures in these studies used ruthenium red stains for the detection of negatively charged substances such as polysaccharides and anti-surface polysaccharide serum for the morphologic stabilization of capsular material in thin tissue sections. Fine fibrillar strands on bacterial surfaces which stained with ruthenium red were identified in strain RDEC-1 (4). Although these reagents were not used in our study, fibrillar strands on bacterial surfaces interconnecting bacteria in the microcolonies were observed. These structures, as well as dense amorphous aggregates near bacterial surfaces, were morphologically very similar to negatively charged polysaccharides of strain RDEC-1. Future studies with strain 84-5406 are necessary to identify the adhesive mechanism.
In conclusion, this study confirms a previous report from England that calves may naturally contract infections similar to those caused by EPEC strains pathogenic to humans or rabbits. Our results suggest that the calf bacterial strains, like some EPEC strains, produce high levels of SLT and cause attachment and effacement lesions in the colonic epithelium of the infected host.
